ABSTRACT: Sampling by the continuous plankton recorder (CPR) survey over the North Atlantic Ocean and the North Sea has enabled long-term studies of phytoplankton biomass. Analysis of an index of phytoplankton biomass, the phytoplankton colour index (PCI), has previously shown an increase in phytoplankton biomass in the NE Atlantic. In the current study, further investigations were conducted to determine the contribution of diatom and dinoflagellate cell counts to the PCI, their fluctuations over the last 45 yr and their geographical variations in the eastern North Atlantic and the North Sea. An increased contribution of dinoflagellates to the PCI was revealed over the south NE Atlantic and the northern North Sea. In contrast, the contribution of diatoms decreased in the north NE Atlantic and the northern North Sea. No discernible trends were found in the other regions of the North Sea. The relative contributions of diatoms and dinoflagellates to the PCI led to the identification of 3 geographically distinct dynamic regimes in the diatom/dinoflagellate dynamics in the NE Atlantic and the North Sea. Finally, it is stressed that the discrepancy observed in the patterns of PCI and diatom and dinoflagellate cell counts suggests that changes in PCI do not reflect changes in the community structure and that the exclusive use of PCI is not adequate to investigate the long-term trends in the trophic link between phytoplankton and herbivorous zooplankton.
INTRODUCTION
Interannual fluctuations in phytoplankton species composition and abundance have received less attention in the NE Atlantic Ocean than those of higher trophic groups such as zooplankton (Planque & Taylor 1998 , Hays et al. 2001 , Lindley & Batten 2002 ) and fish (Fromentin et al. 1998 , Sims & Reid 2002 , Lindley et al. 2003 . Since 1958, several studies have shown an increase in phytoplankton biomass in the North Atlantic (Barton et al. 2003 , Leterme et al. 2005 , the NE Atlantic (Reid et al. 1987 ) and the North Sea (Reid 1978 . The overall phytoplankton abundance in the NE Atlantic has been shown to be driven mainly by variations in sea surface temperature (Richardson & Schoeman 2004) .
Changes in phytoplankton abundance and/or community composition may impact zooplankton population structure and their predator abundance. This is especially true in a complex marine area including different types of environments from open oceanic waters to epicontinental basins and neritic coastal regions such as the NE Atlantic and the North Sea. In particular, the North Sea is hydrographically divided into different regions, from seasonally stratified waters in the north to tidally mixed waters in the south. Edwards & Richardson (2004) have shown that the response of the marine pelagic community to climate changes in the central North Sea differs throughout the community and the seasonal cycle, leading to a mismatch between trophic levels and functional groups.
The continuous plankton recorder (CPR) survey provides records of the abundance of 500 phytoplankton and zooplankton taxa and provides a visual assessment of phytoplankton biomass, i.e. the phytoplankton colour index (PCI) (Colebrook & Robinson 1965) . Within the phytoplankton, diatoms and dinoflagellates are the main taxonomic groups identified by the CPR survey, consisting of 178 species or taxa. Most phytoplankton taxa have been consistently identified and enumerated since 1958. The PCI has been extensively used to describe the seasonal and long-term patterns of phytoplankton abundance (Reid 1978 , Batten et al. 2003 , Johns et al. 2003 in various regions of the North Atlantic. An increasing trend in phytoplankton biomass has been shown in the North Sea and in the area west of the British Isles . Different explanations have been formulated to explain this increase, e.g. hydro-climatic processes , Richardson & Schoeman 2004 and eutrophication (Lancelot et al. 1997 , Cloern 2001 . However, to our knowledge, this increase has not been investigated in relation to the 2 most abundant functional groups within the phytoplankton assemblage, the diatoms and dinoflagellates.
The aim of this study is thus to determine (1) the global trends of PCI and diatom and dinoflagellate abundance, (2) the contribution of the diatoms and dinoflagellates to the PCI, (3) their fluctuations over 45 yr of sampling, (4) their geographical variations in the NE Atlantic and (5) how they may be linked to hydro-climatic variables such as the North Atlantic Oscillation (NAO) and sea surface temperature (SST).
MATERIALS AND METHODS
The CPR survey is a unique upper layer plankton monitoring programme that has regularly collected samples, at monthly intervals, in the North Atlantic and the North Sea since 1946 (Warner & Hays 1994) . The CPR is a high-speed sampler towed at ca. 20 km h -1 behind voluntary merchant ships (ships of opportunity, SOOP) at a standard depth of 6.5 m (Hays & Warner 1993 ). An impeller mounted at its rear drives the internal sampling mechanism. Water flows through a 1.62 cm 2 aperture in the CPR nose cone, down a tunnel that expands to a cross-sectional dimension of 5 × 10 cm, where it is filtered by a moving band of silk with an average mesh size of 270 µm. The filtering silk is covered by a second layer of silk and reeled into a storage tank filled with 4% formaldehyde (to fix and preserve the plankton). The 2 bands of silk move continuously across the tunnel at a speed adjusted according to the speed of the ship, via the impeller and gearbox, to 10 cm per 10 nautical miles (18.5 km). The water exits through a rectangular aperture at the rear of the CPR. The 10 cm of filtering silk approximately corresponds to a seawater volume of 3 m 3 . After the tow, the CPR is returned to the laboratory for routine analysis. Methods of counting and data processing have been described by Colebrook (1975) and Warner & Hays (1994) . Due to the mesh size of CPR silks, large phytoplankton species are sampled more quantitatively than small species. It has been found, however, that the proportion of the population that is retained by the CPR silk actually reflects the major changes in abundance, distribution and specific composition (Robinson 1970) . Despite the near-surface sampling, the CPR provides an accurate representation of plankton dynamics in the epipelagic zone (Lindley & Williams 1980) . Different groups of phytoplankton taxa have been identified (e.g. diatoms, dinoflagellates, coccolithophores and silicoflagellates), many to the species level. Diatom and dinoflagellate species have been identified and counted in the same way since 1958, while coccolithophores and silicoflagellates have only been enumerated since 1993. It is thus impossible to conduct the same analyses on all these taxa. Consequently, only diatoms and dinoflagellates (i.e. a total of 131 species) were taken into account in the present work, to consistently investigate the period from 1958 to 2002. The abundance of all diatom and dinoflagellate species (75 and 56, respectively) identified in the NE Atlantic (Warner & Hays 1994) was derived by summing the number of cells identified to determine the overall trends of these 2 groups (Leterme et al. 2005) .
The potential influence of hydro-climatic variables on phytoplankton fluctuations was investigated using the NAO winter index and the SST. Hurrell's NAO winter index (Hurrell 1995) computes the pressure difference based on measurements from Lisbon, Portugal, and Stykkisholmur, Iceland, from December to March. The SST (HadISST Version 1.1) data were provided by the Hadley Centre, UK Met Office.
The study area ( Fig. 1) corresponds to 2 regions identified along a north-south axis: the north NE Atlantic (51 to 64°N, 20°W to 15°E) and the south NE Atlantic (37 to 51°N, 20°W to 15°E). Even if the north NE Atlantic includes the epicontinental North Sea, the latter was considered separately for the purposes of this study and divided into 3 regions along a north-south axis following the limits of the CPR standards area (Colebrook 1975 ) to take into account the different hydrographical forcing processes (e.g. the northern inflow of Atlantic waters between Scotland and Norway and the southern inflow via the English Channel).
Using the 108 951 CPR samples available from 1958 to 2002, annual means of PCI, diatom and dinoflagellate abundance were generated as a preliminary step to detect global trends. More specifically, monthly means of PCI, diatom and dinoflagellate abundance were calculated to investigate details of the relationship between the PCI and diatom and dinoflagellate abundance in the 5 above mentioned areas. To determine the contribution of diatoms and dinoflagellates to the PCI and their variations during the period of study, multiple linear regression analysis (Sokal & Rohlf 1995 , Zar 1996 was conducted between monthly means of PCI, diatom and dinoflagellate abundance for each sampling year. This analysis was performed only on the complete time series of data (i.e. 12 monthly means yr -1 ). As a consequence, when the time series were not complete, our analysis generated missing values in the contribution time series. Thus, 4 and 20% of the values were missing in the contribution time series for the central and southern North Sea, respectively.
We also stress that because large flagellate species (e.g. Ceratium spp.) and chain-forming diatoms (e.g. Chaetoceros spp.) were undersampled (Warner & Hays 1994) , the sum of the contributions of total diatoms and total dinoflagellates did not always reach 100%.
The residuals of the diatom/dinoflagellate contribution were analysed in order to infer the contribution of other groups to the PCI. Long-term trends in abundance and in the contribution of diatoms and dinoflagellates to the PCI were examined in each region by calculating Kendall's coefficient of rank correlation, τ, between the series and the time in years in order to detect the presence of a linear trend (Kendall & Stuart 1966 ). Kendall's coefficient of correlation is used in preference to Spearman's coefficient of correlation, ρ, although the latter was recommended in Kendall (1976) , because Spearman's ρ gives greater weight to pairs of ranks that are further apart, while Kendall's τ weights each disagreement in rank equally (see Sokal & Rohlf 1995 for further developments).
To detect changes and the intensity and duration of any changes in the value of a given parameter, we used the cumulative sums method (Ibañez et al. 1993 ). The calculation consists of subtracting a reference value (here the mean of the series) from the data; the anomalies are then successively added, forming a cumulative function. Successive positive anomalies produce an increasing slope, whereas successive negative anomalies produce a decreasing slope. Succession of values with little difference from the mean show no slope. This analysis was performed on the time series of annual means in all the areas, but it was performed on the time series of contributions only in the NE Atlantic, due to the excess of missing data for the North Sea.
The relationship between phytoplankton and climate indices was tested through Spearman correlation analysis performed for the NE and SE North Atlantic between the abundance and contribution of diatoms and dinoflagellates and (1) the NAO winter index and (2) the SST. As stated above, these tests were not performed for the North Sea, due to the excess of missing data.
RESULTS

North NE Atlantic
In the north NE Atlantic, we observed a significant increase in PCI and a significant decrease in diatom and dinoflagellate abundances ( Fig. 2A, Table 1 ). The cumulative sums revealed different local trends in PCI and diatom abundance, but none for dinoflagellate abundance (Fig. 2C) . The cumulative sums of PCI de- creased and increased, respectively, before and after 1986, while they increased and decreased, respectively, before and after 1967 for diatoms. This suggests a shift in phytoplankton biomass and diatom abundance before and after 1986 and 1967, respectively. Over the period of study, the contribution of diatoms significantly decreased from 66.14 to 37.54% (Table 2) . In contrast, the contribution of dinoflagellates did not exhibit any significant trend. The residuals of the diatom/dinoflagellate contribution significantly increased from 22.87 to 36.51% (Table 2 ). In addition, a shift was observed in the phytoplankton community between 1986 and 1996, when dinoflagellates become more dominant than diatoms in the community (Fig. 3A) . This is specified by the cumulative sums, which suggest a period of relative stability in diatom and dinoflagellate contributions from 1958 to 1985, followed by antisymmetric local trends from 1985 to 2002 (Fig. 3C ). This suggests a stability of the phytoplankton community composition before 1985.
PCI and diatom abundance have shown a significant positive correlation with NAO and SST, respectively, but no relationships were observed between the climatic parameters and dinoflagellate abundance (Table 3) . No relationship was observed between the NAO winter index and the diatom/dinoflagellate contribution to the PCI (Table 4) . Conversely, the contribution of dinoflagellates resulted in a significant negative (Table 4) . No significant longterm trend was observed for the SST over the period of study (Kendall's τ, p < 0.05, τ = 0.034).
South NE Atlantic
As previously observed in the north NE Atlantic, we observed a significant increase in PCI and a significant decrease in diatom abundance (Fig. 2B, Table 1 ). However, no significant decadal trend was identified for dinoflagellate abundance (Table 1 ). The cumulative sums revealed different local trends in PCI, with a decrease and increase, respectively, before and after 1984 (Fig. 2D) . As observed in the north NE Atlantic, the cumulative sums of diatom abundance increased before 1967 and globally decreased after 1967, with a local increase between 1979 and 1985 (Fig. 2D ). In contrast, the cumulative sums of dinoflagellate abundance were relatively constant from 1958 to 1979, followed by an increase until 1985 and a decrease until 2002 (Fig. 2D) .
Only the contribution of dinoflagellates to the PCI varied significantly over the period of study (Table 2 , Fig. 3B) , with an increase from 7.52 to 19.84%. The residuals of the diatom/dinoflagellate contribution did not exhibit any significant trend (Table 2 ). In addition, cumulative sum analysis did not show any significant (Fig. 3D ). In contrast to what was observed for the NE Atlantic, this suggests that the ecosystem is still in evolution, with a constant contribution of diatoms to the PCI and an increasing contribution of dinoflagellates.
No relationship was observed between PCI and diatom and dinoflagellate abundance and the NAO winter index (Table 3 ). The same observation was true of the SST. There was no significant relationship between diatom and dinoflagellate contributions and the NAO winter index (Table 4) . On the contrary, there was a significant positive correlation between the contribution of diatoms and SST (Table 4) . As observed in the north NE Atlantic, no significant long-term trend was observed for the SST over the period of study in this area (Kendall's τ, p < 0.05, τ = 0.188).
North Sea
In the northern North Sea, PCI and dinoflagellate abundance increased significantly globally (Fig. 4A , Table 1 ) and exhibited local trends (Fig. 4D) . Diatom abundance did not exhibit any global trend. More specifically, the PCI cumulative sums decreased until 1985 and increased after this date. Dinoflagellate cumulative sums decreased before 1984 and subsequently increased, while diatom cumulative sums remained roughly steady (Fig. 4D) . The contribution of diatoms and dinoflagellates significantly decreased from 71.24 to 50.12% and increased from 10.71 to 24.79%, respectively ( Table 2 ). The residuals of diatom/dinoflagellate contributions did not significantly vary over the period of study. These results suggest an evolution of the ecosystem towards a balance between diatoms and dinoflagellates over the last 45 yr, with the overall diatom/dinoflagellate contribution decreasing from 97.2 to 72.7% from 1958 to 2002.
In the central and southern North Sea, PCI significantly increased, while dinoflagellate abundance significantly decreased in the southern North Sea, and diatom abundance did not show any long-term trend in either area (Fig. 4B,C, Table 1 ). In addition, PCI and diatom abundance revealed local trends in both areas (Fig. 4E,F) . Diatom cumulative sums increased until 1968 and decreased afterwards, and PCI cumulative sums decreased until 1985 and subsequently increased. In the central North Sea, dinoflagellate cumulative sums were roughly steady over the period of study, with a drop between 1974 and 1989, while in the southern North Sea dinoflagellate cumulative sums increased until 1979 and decreased afterwards.
The contributions of diatoms and dinoflagellates, as the residuals, did not vary over the period of study in the central and southern North Sea (Table 2) . In these areas, the ecosystem can thus be regarded as being in a stable state, in which diatoms dominate the phytoplankton community. The mean diatom and dinoflagellate contributions were 41.4 and 37.8% and 27.7 and 21.6% in the central and southern North Sea, respectively. The mean diatom/dinoflagellate contribution residuals were 30.92 and 40.60% in the central and southern North Sea, respectively.
There was a significant relationship between the NAO winter index and PCI in the northern North Sea (Table  3 ), but no relationship was observed between the NAO and diatom and dinoflagellate abundance in this area. Moreover, no significant relationship was observed between PCI, diatom and dinoflagellate abundance and NAO winter index in the central and southern North Sea (Table 3) . SST and PCI were significantly correlated in the central and southern North Sea (Table 3 ), but no relationship was observed between SST and diatom and dinoflagellate abundance in these areas. In addition, no significant relationship was observed between PCI, diatom and dinoflagellate abundance and SST in the northern North Sea (Table 3 ). There was a significant, positive, long-term trend for the SST over the period of study in the central and southern North Sea (Kendall's τ, p < 0.05, τ = 0.267 and τ = 0.380, respectively). Contrarily, no significant long-term trend was observed for the SST in the northern North Sea (Kendall's τ, p < 0.05, τ = 0.137).
DISCUSSION
Multiple ecosystem states in the NE Atlantic and the North Sea
We identified 3 states of the phytoplanktonic ecosystem throughout the NE Atlantic, suggesting differential temporal and spatial dynamics of the phytoplankton communities in geographically adjacent oceanic domains.
Firstly, a stable ecosystem was observed in the southern and central North Sea, where diatoms dominated the phytoplankton community. These areas belong to an epicontinental basin, where the influence of the North Atlantic water inflow is much weaker than in the northern North Sea (e.g. Turrell et al. 1992 , Corten 1999 ). This area is also characterised by strong hydrodynamism and is increasingly impacted by eutrophication (Lancelot et al. 1997) , 2 factors more favourable for diatoms than for dinoflagellates (e.g. Margalef 1973) and thus fully compatible with our observations. Secondly, a currently evolving ecosystem was determined in the south NE Atlantic and the northern North Sea, with an increasing contribution of dinoflagellates contrasting, respectively, with a stable diatom population in the former region and a decreasing contribution of diatoms in the latter. These patterns can be related to the specific circulation patterns characterising these areas. The south NE Atlantic and the northern North Sea are indeed both highly influenced by the North Atlantic water inflow (Corten 1999) . However, during the late 1980s, the NAO index was strongly positive and the strength of the westerly winds increased in the NE Atlantic, leading to an increase in the oceanic inflow into the North Sea (Drinkwater et al. 2003) . Turrell et al. (1992) also suggested that the Atlantic inflow makes a major contribution to the input of generally warmer, nutrient-rich water into the northern North Sea. The resulting relatively warmer surface temperatures promote earlier, or more intense, stratification of the upper water column (Drinkwater et al. 2003) , which, according to Margalef's (1973) hypothesis, would create an environment favouring the growth of dinoflagellates over the growth of diatoms.
Finally, in the north NE Atlantic we identified an ecosystem that has moved from one state to another, to reach a balanced state over the last decade. More specifically, our results suggest evolution from a diatom-dominated ecosystem to a more even distribution between diatoms and dinoflagellates and an increase in the proportion of other taxonomic groups such as phytoflagellates, as recently observed in other coastal ecosystems (Cloern 2001) . 
Phytoplankton communities and regime shift in the North Sea
The different ecosystem states discussed in the above section are clearly related to a shift in the abundance and/or composition of phytoplankton communities. However, in our analyses, only the PCI provided evidence for the regime shift (defined as an abrupt shift from one dynamic regime to another, sensu Scheffer et al. 2001 ) observed in the North Sea during the period 1982 to 1988 , Beaugrand 2004 ). Dinoflagellates showed a shift in 1985, but only in the northern North Sea, and diatoms did not exhibit any evidence of a regime shift over this period. The observed discrepancy then suggests that the changes seen in PCI do not reflect changes in the community structure.
In addition, the features suggested to explain the regime shift in the North Sea by Beaugrand (2004) are acknowledged to influence the whole North Sea. We have shown here, however, that the dynamics of the northern North Sea clearly differ from those of the central and southern North Sea. This suggests that different driving processes might control the dynamics of the phytoplankton community. While this question needs to be addressed through in-depth investigations of the temporal fluctuations in the phytoplankton taxonomic composition, it is (1) beyond the scope of the present work and (2) still unfeasible, considering that the different taxonomic groups have not been surveyed over the same period. Thus, pico-and nanoplankton that contribute to the PCI cannot be identified in the CPR samples (Reid 1978) . As a consequence, their potential contribution to the PCI space-time patterns is intrinsically not determinable, and might ultimately drive PCI variability and/or obfuscate the variability of the contributions of identifiable groups.
Finally, we stress that the decreasing contribution of diatoms/dinoflagellates along a north-south gradient could possibly be related to the increasing contribution of other taxonomic groups or smaller size fractions of phytoplankton, such as naked flagellates, which either break up when they impact the silk or disintegrate in formaldehyde (Batten et al. 2003) , and thus contribute to PCI without being identifiable.
Phytoplankton community composition and ecosystem structure and function
The fluctuations in the 2 phytoplankton functional groups studied here are likely to impact the dynamics of the whole food web. The space-time differences in functional group contributions could, for instance, have an effect on zooplankton populations through their trophodynamics. Richardson & Schoeman (2004) have thus shown a dominant bottom-up control within the plankton community in the NE Atlantic over time and space as the result of sea surface warming. However, we showed here that (1) the SST only exhibited a significant long-term trend in the central and southern North Sea from 1958 to 2002, (2) the PCI, the abundance of diatoms and dinoflagellates and the contribution of diatoms and dinoflagellates to the PCI were barely correlated to the NAO and SST (cf . Tables 3 &  4) , and (3) the significant correlations did not exhibit any distinct spatial pattern (cf. Tables 3 & 4). As a consequence, we suggest that (1) the so-called hydrometeorological forcing is likely to have short-term rather than long-term effects on phytoplankton communities in the eastern North Atlantic and the northern North Sea, (2) SST is likely to have long-term effects on phytoplankton communities in the central and southern North Sea and (3) the potential causal relationships between hydro-meteorological variables and phytoplankton abundance and community composition are strongly affected by the spatial location.
We finally stress that more detailed investigations of the relation between changes in phytoplankton composition and their potential effects on zooplankton communities are needed to achieve a deeper understanding of the mechanisms driving the observed patterns. Phytoplankton composition and thus zooplankton diet have indeed already been shown to influence hatching success (Laabir et al. 2001 , Irigoien et al. 2002 , growth and development (Koski et al. 1999 ) of calanoid copepods. As the production of copepods supports most food webs, directly affecting higher trophic levels and the biological pump of carbon (Ohman & Hirche 2001) , elucidation of the interplay between phytoplankton and zooplankton communities is vital for the future. The global relevance of this interrelationship is clear, considering the importance of these organisms in the context of climate change, anthropogenic impacts on ecosystems and the consequences on management of aquatic living resources.
